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Abstract
The population sizes and range of Parnassius apollo started to decline in Finland in the 1930s and resulted in
complete extinction in many parts of its former range 30 years later. It has been suggested that metal pollution is
one potentially very important reason for the decline. Recently, a recovery of P. apollo and widening of its range has
started in the southwestern Finland, simultaneously with a decline in metal fallout from air. Metal analyses were
performed with larval and host plant samples collected from an area where P. apollo is recolonising its former range
(the archipelago between the island of Kemiö and the Hankoniemi peninsula). In the host plants (Sedum telephium),
the level of Fe was significantly lower and the levels of Cd and Zn suggestively lower in the current range (n D 35)
of P. apollo than in the former range (n D 12). Analyses on larvae of P. apollo (n D 29) showed lower levels of Cd,
Fe and Mn than in the host plant leaves. The excretion of these metals, as well as Zn, via the faeces was effective.
The level of the Cd-antagonist Cu was considerably higher in caterpillars than in the food. When caterpillars were
fed with metal-polluted food from Helsinki city (4.35 ppm Cd/dwt; n D 5) they died, whereas control individuals
fed with food from the archipelago (2.49 ppm Cd/dwt; n D 5) survived. These results indicate that metals may play
an important role in the large-scale decline and partial recovery of P. apollo in the western Europe.
Introduction
The Apollo butterfly (Parnassius apollo (L.)) Lepido-
ptera, Papilionidae) started to decline strongly in
Finland in the 1930s (Mikkola 1979). A similar
trend has also occurred elsewhere in Europe (e.g.
Heath, 1981; Dabrowski 1984; Collins & Morris 1985;
Bengtsson et al. 1989; Janzon 1990; Braconnot et al.
1993; Hansen 1993; Sala & Bollino 1997). The rea-
sons for the decline are still unknown and several
factors can be put forward to explain it, namely habi-
tat destruction, climate change, parasitoids, microbial
diseases, collecting and toxic metals promoted by
acid rain (Häkkinen 1976; Mikkola 1979; Henriksen
& Kreutzer 1982; Bengtsson et al. 1989; Nuorteva
1990; Hansen 1993; Nuorteva et al. 1992; Nakonieczny
et al. 1996; Witkowski et al. 1997; Elmquist 1998). Of
these possibilities, the role of parasitoids has remained
practically unexplored because the protection by law
inhibits large-scale rearings of P. apollo larvae in order
to define their degree of parasitization. This deficiency
in knowledge is unfortunate, because metals regulate
lepidopterous populations through influence on their
parasitoids (Ortel & Vogel 1989; Ortel 1993; 1995a–c;
1996; Ortel et al. 1993; Bishof 1995a–c).
Quite recently, however, at least in Finland, the
decline has stopped and Apollo has spread back to its
former range (e.g. Repo & Kullberg 1996; 1997; 1998).
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At the same time, the heavy metal deposition has been
decreasing (Rühling et al. 1996). This offers the pos-
sibility to study the role of metals for the population
gradations in a new setting.
Metal levels have grown globally to the degree that
ecological consequences are evident, because mining
effectively transfers metals from the deep of rocks
up to the originally metal poor biosphere. Acid rain
supports the transformation of metals into a bio-
available form (Munkherjee 1994; Vesely 1994). As
demonstrated in dozens of laboratory experiments
and field studies, some of the toxic metals are able
to increase the mortality and to decrease the fer-
tility of numerous species of arthropods (see e.g.
Fangmeier & Steubing 1986; Vogel et al. 1988; Hopkin
1989, Tyler et al. 1989; Beeby 1991; Janssen et al.
1991; Straalen et al. 1994; Migula 1997; Martin
2000). The greatest increase in mortality has been
noted among detritivores, fungivores and parasitoids,
but to a smaller extent also among herbivores. For
herbivorous insects, the effects of toxic metals are,
however, in most cases beneficial, because plants
and parasitoids are more sensitive to metal dam-
age than themselves. The herbivores benefit, because
the pollution-weakened host plants loose their resis-
tance and the parasitoids decline (e.g. Walther et al.
1984; Braun & Flu¨ckinger 1985; Helio¨vaara 1986;
Helio¨vaara and Va¨isa¨nen 1986; 1990; Bolsinger &
Flu¨ckinger 1987; Bengtsson & Rundgren 1987; Vogel
et al. 1988; Nuorteva 1990; 1999; Koricheva &
Haukioja 1992; Kozlov & Haukioja 1995; Nuorteva &
Soltanpour 1997; Zvereva et al. 1997; Nuorteva et al.
1999).
In attempts to detect the metals having the high-
est responsibility for the population disruption of
P. apollo, the toxic Cd has received most interest,
because P. apollo adults have Cd at the highest lev-
els among Finnish butterflies (Nuorteva 1990; 1999).
Simultaneously, the Cd level of its sole Finnish host
plant Sedum telephium L. (Seppänen 1970) is the
highest among Finnish phanerogams (Nuorteva 1990;
1999). Indeed, the metal levels in the host plant have
been higher in the area where the decline of P. apollo
populations has been most severe (Nuorteva 1990;
1999; Nuorteva et al. 1993). Furthermore, it has been
observed that populations have remained relatively sta-
ble in areas with calcareous bed-rock in Sweden where
soil alkalinity may counteract metal migration to plants
(Bengtsson et al. 1989; Janzon 1990). It may also be
that the slightly alkaline seawater has some acidity
buffering capacity on small rocky islands in the Finnish
archipelago, where P. apollo populations did not suffer
as severely as on the mainland.
Besides Cd, Cu and Zn have also attracted research
interest because they have the ability to ameliorate
the toxic effects of Cd (Elinder & Piscator 1978;
Lindeström et al. 1988; Vogel 1988; Migula et al.
1997). Also Al, Fe and Mn have received attention
because they occur at high levels in soils and plants,
and thus indicate soil acidification more reliably than
Cd, which occurs only at trace element levels.
Parnassius apollo butterflies returning to their once
lost habitats in the Finnish archipelago may follow
the decline in metal levels (Rühling et al. 1996). As
the actual decline supposedly has a very fine-scale
pattern, their success depends on correct microhabi-
tat selection, including their food quality. Accordingly,
we found it important to compare the metal levels in S.
telephium plants between the recolonised area and the
area which P. apollo has not recolonised at the moment.
In addition, the metal levels needed to be analysed in
caterpillars of P. apollo because that has not so far been
done in Finland. We also found it interesting to test the
health-effect of highly metal-polluted urban food on
caterpillars of P. apollo.
Materials and methods
Study area
Our study area consisted of the archipelago between the
large island Kemio¨ (Kimito) and Hankoniemi (Hango¨
udd; the southernmost Finnish peninsula). A part of
this area has been recolonised by P. apollo. Earlier, the
whole area was occupied by this butterfly, but the popu-
lations disappeared completely after a peak abundance
during the year 1962 (Nuorteva & Nuorteva 1963).
Material for metal analyses
Host plants
We collected leaf samples (five leaves from five ran-
domly selected individual plants per location) of S. tele-
phium for metal analyses from 35 locations from rocky
islets and shores within the current range of P. apollo.
In addition, S. telephium samples were collected from
12 locations within the former range of P. apollo.
Differences in metal levels for each metal separately
were analysed with Analysis of Variance.
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Larvae
Parnassius apollo is protected by law in Finland, but
we received a permit to take 40 larvae for analyses and
experiments from the largest populations. Half-grown
apollo larvae were collected from small islands in the
outer archipelago zone in Dragsfja¨rd, SW Finland in
the spring 1996: ten from Lill Gallbyskär, nine from
Lilla Ba¨rsska¨r and additional ten larvae from a group
of small nearby islands (Kistska¨rs klobbarna). Larvae
were allowed to depurate the gut before freezing. These
29 larvae were used for metal analyses, but several lar-
vae were too small to be analysed separately and they
were combined (see Table 2 for details).
Rearing experiment
To test the effects of metal contents of larval food
on their survival in a more explicit manner, we per-
formed a rearing experiment. For this experiment, we
collected S. telephium plants from a hill beside the
residence of the Finnish prime minister in Helsinki,
Finland. In that locality, high metal concentrations had
previously been observed (May 20th, 1992; leaves of
S. telephium (n D 3) contained Fe 68–81 ppm/dwt,
Mn 79–110, Zn 590–650, Cu 14–16, Cd 7.9–14.0). On
May 31st, 1996, the levels of most metals were lower
(Fe 130–140 ppm/dwt, Mn 55, Zn 180–200, Cu 12–13,
Cd 4.3–4.4; n D 2), but still higher than in the Finnish
SW-archipelago area recolonised by P. apollo (Fe 61
ppm/dwt in mean, Mn 91, Zn 118, Cu 9.4, Cd 3.14;
n D 49). Ten half-grown larvae of P. apollo were col-
lected from two neighbouring islands (Slamrorna) in
the same area as the larvae for metal analyses. Five
of the Apollo larvae were reared on S. telephium plants
from Helsinki and five on S. telephium from Dragsfjärd
(Kasnäs). Rearings were carried out in Kasna¨s. Larvae
were allowed to depurate the gut before freezing.
Differences in metal levels between treatments were
analysed with Kruskal–Wallis test, because of the small
sample size and uncertainty in distributions. Sign test
was used for testing the difference in metal levels in
faeces. Association between levels of different metals
was tested with Pearson correlation.
Metal analyses
The digestion procedure for the analysis of insect mate-
rial was as follows. Less than 0.2 g of dried sample was
weighed in a test tube and 2 ml of HNO3 conc. (BDH,
Aristar) was added. The tube was heated in an alu-
minium block at 50C for 2 h, at 105C for 16–18 h
and cooled down. Two ml of 30% H2O2 p.a. (Merck,
Perhydrol) was added and the tube heated at 105C
for 6 h.
For the digestion of plant material <0.3 g of dried
sample was weighed in a test tube and 5 ml of HNO3
conc. (BDH, Aristar) added. The tube was heated in an
aluminium block at 50C for 2 h, at 105C for 4 h and
at 180C for 4 h.
After cooling down all the sample solutions were
filtered through filter paper (Schleicher and Schuell,
white ribbon). The insect sample solutions were diluted
to 10 ml and the plant sample solutions to 25 ml,
respectively.
The sample solutions were analysed on a Varian
SpectrAA-400 atomic absorption spectrophotometer.
For the analysis of Fe, Zn, Cu and Mn, the flame
technique was used. For the analysis of Cd the spec-
trophotometer was equipped with GTA-96 graphite
furnace. All results are reported as concentrations of
the dry weight in mg/kg (ppm).
In the analyses, two larvae from the Helsinki Sedum
that were too small to be analysed separately were
combined.
Results
Metal levels in the host plants
One outlier sample from the former range with excep-
tionally high Mn and Zn levels was omitted from
the analyses, because it may have been contaminated.
There was statistically highly significantly more Fe in
S. telephium leaves sampled from the former range than
in leaves from the current range (Table 1). The levels of
Cd, Mn and Zn were comparably higher in the former
range, but only suggestively so (Table 1).
Metal levels in the larvae
The observed metal levels in naturally occurring larvae
are presented in Table 2 (population samples). Larvae
contained less Cd, Fe and Mn than host plants (Tables
1 and 2).
Rearing experiment
All five larvae reared on metal-polluted Sedum from
Helsinki suffered from severe diarrhea (faeces had
a high concentration of liquid) and died during the
experiment, whereas all five larvae reared on Kasnäs
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Table 1. Average metal levels (ppm/dwt) with standard deviations in brackets in S. telephium leaves sampled
from the current and the former range of P. apollo. Differences between areas were tested with Analysis of
Variance.
Cd Cu Fe Mn Zn
Sedum from current range (n D 35) 2.49 (1.41) 8.8 (2.38) 57 (8.95) 73 (32.4) 96 (29.7)
Sedum from former range (n D 12) 3.51 (1.93) 9.4 (2.19) 72 (11.6) 155 (83.0) 144 (47.0)
F D 3.85 0.60 20.6 3.23 3.48
p D 0.056 0.441 <0.0001 0.079 0.069
One outlier has been omitted, therefore n D 11.
Table 2. Average metal levels (ppm/dwt) with standard deviations in brackets in P. apollo larvae in the population
samples, median levels with 1st and 3rd quartiles in experimental larvae, and average levels in their faeces.
Experimental larvae were fed either with metal-polluted S. telephium (Helsinki Sedum) or with less polluted food
from the study area (Kasnäs Sedum).
Cd Cu Fe Mn Zn
Population samples
1. Lill Gallbyskär (n D 3) 1.14 (0.41) 30 (27.0) 37 (6.08) 18.3 (0.58) 135 (43.2)
2. Lilla Bärsskär (n D 9) 2.64 (0.99) 8.4 (2.26) 12 (5.18) 12.9 (8.78) 105 (24.8)
3. Kistskärs klobben (n D 9) 2.69 (1.72) 9.2 (3.11) 30 (13.7) 23 (9.08) 108 (13.4)
Average of 1.–3. 2.16 15.9 26 18.1 116
Rearing experiment
4. Larvae on Helsinki Sedum (n D 4) 1.65 19 54 19 96
0.69–2.95 13–31 45–60 16–24 92–160
5. Larvae on Kasnäs Sedum (n D 5) 0.40 11 28 14 67
0.31–0.59 8.4–12 23–36 12–16 63–84
Faeces of Helsinki larvae 6 17 330 71 260
Faeces of Kasnäs larvae 0.7 11 76 64 72
 Two larvae were too small to be analysed separately (see section Metal analyses), and therefore the sample size
is not five.
Sedum with considerably lower metal levels than in
Helsinki Sedum survived (faeces were normal pel-
lets). The diarrhetic larvae ceased feeding and stayed
inactive for several days before they eventually died.
Therefore, their gut was presumably empty. Larvae fed
with Helsinki Sedum and their faeces contained signif-
icantly higher levels of all five metals analysed than
larvae fed with Kasnäs Sedum (Table 3) and their fae-
ces (Sign test: n D 10, p D 0:03; Table 2). Only
Cu/Mn and Cd/Zn levels are significantly correlated in
larval samples (rP D 0:882 and rP D 0:874; p < 0:05,
n D 9), so separate tests of metal levels are justified.
Faeces often contained several times higher levels of
Cd, Fe, Mn and Zn than the larvae (Table 2).
Discussion
Our analyses of the metal levels in Parnassius apollo
larvae are the first from the Finnish territory. The
observed Finnish Mn levels correspond to those from a
Table 3. Differences in metal levels of the experi-
mental larvae (Kruskall–Wallis test). In all cases the
higher metal levels were in P. apollo larvae reared
on Helsinki Sedum.
Metals H p
Cd 4.86 0.013
Cu 5.51 0.019
Fe 6 0.014
Mn 4.41 0.036
Zn 6.05 0.014
calcareous area in Sweden, whereas Fe levels are lower
than those reported from Sweden (Bengtsson et al.
1989). On the other hand, Swedish Cd levels were sim-
ilar to the levels in this study for one year, but not with
the very high Cd level of 7.66 ppm during another year
(Bengtsson et al. 1989), which is even higher than the
level in the faeces of our experimental larvae fed with
more contaminated host plants (Table 2). The Cd lev-
els of larvae were considerably higher in our samples
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than in a heavily polluted area in Poland (Table 2),
whereas Zn levels were relatively similar in both areas
(Nakonieczny et al. 1996). This somewhat unexpected
difference in Cd levels between Finland and Poland
calls for an explanation, as it cannot be a result from
different host species in these areas (see below).
The average levels of Fe were similar in Sedum
telephium in Finland (Table 1) and in Sweden
(Bengtsson et al. 1989), but Cd levels were consid-
erably higher in Finland than in Sweden both within
and outside the current range of P. apollo. On the other
hand, Mn levels were generally much lower in Sweden
than in Finland. However, there is one exception here:
the high Mn level from localities with calcareous bed-
rock but with no P. apollo in Sweden agrees with our
observations. In Poland, the Cd levels were extremely
high reaching 67 ppm at maximum, as were some of
the Zn levels with maximum of 587 ppm (Nakonieczny
et al. 1996).
Parnassius apollo larvae seem capable of excret-
ing considerable amounts of Cd, Fe, Mn and Zn in
their faeces (Table 2), but there appears not to be a
corresponding capability with the Cd-antagonist Cu
(Table 2). This is further shown by the differences
in metal levels in host plants and larvae: larvae had
lower levels of Cd, Fe and Mn than S. telephium sam-
ples, but Cu levels were higher in larvae (Tables 1
and 2). However, this capability is not efficient enough
when levels of several metals are high, which was evi-
dent with the 100% mortality rate of larvae feeding on
polluted food in the rearing experiment (see below).
The levels of Cd, Fe and Zn in the host plants tended
to be higher in the former than the current range of
P. apollo (Table 1). This is especially interesting as
the sample locations from the former range are situ-
ated close to the current range, which is furthermore
expanding. The striking result from the rearing exper-
iment further indicates that high metal levels can be
significant mortality factors of P. apollo larvae, as not
a single larva survived on S. telephium from a polluted
area, whereas all larvae grew rapidly on S. telephium
from a less polluted area. Some metal levels are higher
in Helsinki area where the polluted food for the exper-
imental larvae came from (see Material and methods),
which may partly explain such a striking difference
between treatments. However, these findings support
the hypothesis that the levels of different metals may at
least partly explain the decline and recovery of P. apollo
in different areas of the western Europe.
If one accepts the potential role of metals as a cause
of the population decline of P. apollo we can also
explain the strong population increase observed just
prior to the final decline. It has been shown that metals
in the food of the lepidopterous larvae affect negatively
their parasitoids, either through direct toxic effects or
through negative changes in the haemolymph compo-
sition of the host, and the parasitoids are often more
sensitive to heavy metal pollution than their hosts (Ortel
& Vogel 1989; Ortel 1993; 1995a–c; 1996; Ortel et al.
1993; Bishof 1995a–c). Ecologically this may mean
that parasitoid elimination caused by the gradually
increasing pollution can promote, in the first phase,
an increase of the butterfly population. In the second
phase, a population crash may occur when the increas-
ing pollution would even kill the host butterflies. Much
future work is however necessary in order to validate
this hypothesis for Apollo, especially as there appears
to be only sporadic records of parasitoids related to
P. apollo (M. Fred, personal communication).
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